Among mitochondrial NADP-reducing enzymes, nicotinamide nucleotide transhydrogenase (NNT) establishes an elevated matrix NADPH/NADP + by catalyzing the reduction of NADP +
at the expense of NADH oxidation coupled to inward proton translocation across the inner mitochondrial membrane. Here, we characterize NNT activity and mitochondrial redox balance in the brain using a congenic mouse model carrying the mutated Nnt gene from the C57BL/6J strain. The absence of NNT activity resulted in lower total NADPH sources activity in the brain mitochondria of young mice, an effect that was partially compensated in aged mice. Nonsynaptic mitochondria showed higher NNT activity than synaptic mitochondria. In the absence of NNT, an increased release of H 2 O 2 from mitochondria was observed when the metabolism of respiratory substrates occurred with restricted flux through relevant mitochondrial NADPH sources or when respiratory complex I was inhibited. In accordance, mitochondria from Nnt -/-brains were unable to sustain NADP in its reduced state when energized in the absence of carbon substrates, an effect aggravated after H 2 O 2 bolus metabolism. These data indicate that the lack of NNT in brain mitochondria impairs peroxide detoxification, but peroxide detoxification can be partially counterbalanced by concurrent NADPH sources depending on substrate availability. Notably, only brain mitochondria from Nnt À/À mice chronically fed a high-fat diet exhibited lower activity of the redox-sensitive aconitase, suggesting that brain mitochondrial redox balance requires NNT under the metabolic stress of a high-fat diet. Overall, the role of NNT in the brain mitochondria redox balance especially comes into play under mitochondrial respiratory defects or high-fat diet. Keywords: brain, C57BL/6, H + -thase, NAD(P) + -transhydrogenase, redox balance. J. Neurochem. (2018) 147, 663--677.
The redox state of NADP is vital for the maintenance of mitochondrial and cellular homeostatic mechanisms, such as peroxide detoxification by the glutathione reductase/peroxidase (EC 1.8.1.7/EC 1.11.1.9) and thioredoxin reductase/ peroxiredoxin (EC 1.8.1.9/EC 1.11.1.15) systems (Yin et al. 2014) . In mitochondria, NADP-dependent isocitrate dehydrogenase (IDH2, EC 1.1.1.42), NADP-dependent malic enzymes (MEs, EC 1.1.1.38, EC 1.1.1.40), glutamate dehydrogenase (GDH, EC 1.4.1.3), and nicotinamide nucleotide transhydrogenase (proton-translocating NAD (P) + -transhydrogenase; NNT; EC 1.6.1.5) catalyze reactions that are known as NADPH sources (Vogel et al. 1999; Ronchi et al. 2016) .
NNT is a protein located in the inner mitochondrial membrane that catalyzes the reduction of NADP + at the expense of NADH oxidation, coupled to the transport of H + from the intermembrane space to the mitochondrial matrix (Hoek et al. 1988; Leung et al. 2015) . In liver mitochondria, the relative contribution of NNT to NADP-dependent mitochondrial peroxide detoxification was recently shown to vary from nearly 0% to 100%, depending on the substrate and respiratory state (Ronchi et al. 2016) .
Mutations in the Nnt gene have been associated with adrenal insufficiency in humans and mice (Meimaridou et al. 2012 (Meimaridou et al. , 2018 Fujisawa et al. 2015; Weinberg-Shukron et al. 2015) and with dysfunctions in other organs (Metherell et al. 2016; Roucher-Boulez et al. 2016) . A spontaneous Nnt mutation found in the widely used C57BL/6J mouse strain results in negligible NNT activity and is largely associated with impaired insulin secretion and glucose homeostasis (Toye et al. 2005; Freeman et al. 2006; Fergusson et al. 2014; Santos et al. 2017) . Moreover, the absence of NNT activity in C57BL/6J mouse was shown to cause redox abnormalities in liver mitochondria, which are related to the poor ability to maintain NADP and glutathione in their reduced forms (Ronchi et al. 2013) . Hence, NNT has been considered a main enzyme involved in the regulation of redox balance within mitochondria. On the other hand, there seems to be highly organ-specific NNT functions and NADPH roles (Ripoll et al. 2012; Nickel et al. 2015; Kilanczyk et al. 2016; Roucher-Boulez et al. 2016; Wolf et al. 2016 ).
An age-dependent decline in NNT expression has been suggested to contribute to the redox shift that promotes neurodegeneration in 3xTg-AD mice (Ghosh et al. 2014) . Indeed, mitochondrial dysfunction and oxidative damage have long been shown to be involved in the pathogenesis of neurodegenerative disorders (Schapira et al. 1989; Coyle and Puttfarcken 1993; Lin and Beal 2006) . It is possible that impairments in NNT function may contribute to oxidative imbalance and may be involved in neurodegenerative processes (Olgun 2009; Lopert and Patel 2014) . However, most knowledge of NNT physiology in mammals has been derived from research on the liver and the heart, although the specifics of NNT in the brain remain speculated.
Here, we present a comprehensive characterization of NNT activity and its contribution to mitochondrial redox balance in the mouse brain. For this purpose, we used a congenic mouse model of NNT deficiency previously generated in our laboratory (Ronchi et al. 2016) . These mice carry either the mutated Nnt C57BL/6J allele from the C57BL/6J strain or the wild-type allele homozygously. Additionally, we evaluated whether brain mitochondria devoid of NNT activity are more prone to oxidative imbalance upon the metabolic change imposed by chronically feeding a high-fat diet. buffer with the pH adjusted to 7.2 using KOH or NaOH or in Tris buffer with the pH adjusted to 7.4 using HCl.
Materials and methods

Animals
Congenic mice were generated as previously described by Ronchi et al. (2016) . Briefly, a female from the strain homozygous for the Nnt mutation (C57BL/6J, Jackson Laboratory; research resource identifier: IMSR_JAX:000664) was initially mated with a male of the receptor strain (C57BL/6/JUnib, Multidisciplinary Center for Biological Research, Unicamp, Campinas, Brazil) with the wildtype Nnt gene. Subsequently, the male offspring with the mutation were backcrossed with females of the receptor strain. These backcrosses were repeated for 10 generations. The heterozygous mice generated were mated to generate congenic mice homozygotes to the mutated Nnt gene (C57Unib.B6-Nnt
) and the wild-type Nnt gene (C57Unib.B6-Nnt +/+ ), both kept in homozygosis under identical housing conditions. Here, we will refer to these N10 congenic mice by their Nnt genotype only (i.e., Nnt À/À and Nnt
). The genotypes were verified using polymerase chain reaction. The experiments described here were performed with 3-to 4-months-old female mice (25-28 g weight) with the exception of the diet-treated group that used male mice (see the 'high-fat diet (HFD) treatment' section for further details).
The animals were kept under standard laboratory conditions (22-24°C and 12/12-h light/dark cycle) with free access to a standard diet (NuvilabCR1, Nuvital, Colombo, PR, Brazil) and tap water in the local department's animal facility. The mice were euthanized by cervical dislocation prior to harvesting the brain.
The local Committee for Ethics in Animal Research (CEUA-UNICAMP, approval numbers 4065-1 and 4715-1) approved the use of mice and the experimental protocols. The animal procedures complied with national Brazilian guideline number 13 for 'Control in Animal Experiments', published on September 13, 2013.
High-fat diet (HFD) treatment
One-month-old Nnt +/+ and Nnt À/À male mice were assigned by block randomization to two groups fed either a standard diet (Chow; 3.9 kcal/g, 12% of total calories from fat) from Nuvital (Nuvilab CR1, Nuvital, Colombo, PR, Brazil) or a HFD (5.3 kcal/g, 60% of total calories from fat) from PragSoluc ßões (Hyperlipidic diet, PragSoluc ßões Biociências, Ja u, SP, Brazil). Each group contained five to six animals. The HFD protocols were previously standardized in our laboratory using male mice to consistently induce a metabolic syndrome that includes glucose intolerance, hyperinsulinemia and nonalcoholic steatohepatitis (Pettersson et al. 2012; Navarro et al. 2017) . Mice were maintained on chow or HFD for 32 weeks prior to being sacrificed for forebrain and cerebellum removal.
Mitochondrial isolation and incubation conditions
Mitochondria were isolated from fresh brains of adult mice. A mixture of synaptic and nonsynaptic mitochondria was obtained as described previously by Michelini et al. (2014) . Briefly, brain tissue from one mouse was homogenized in isolation medium (75 mM sucrose, 225 mM mannitol, 10 mM HEPES, 1 mM EGTA, and 0.1% bovine serum albumin (BSA, cat. A9418, Merck), pH 7.4) in a Dounce homogenizer and intact mitochondria were obtained by a series of differential centrifugations. Synaptic and nonsynaptic mouse brain mitochondria were isolated using the Percoll gradient separation method as described by Michelini et al. (2014) ; brains from two mice of each group were pooled together in order to obtain enough samples of isolated synaptic and nonsynaptic mitochondrial fractions; pooled samples were considered one individual for statistical purposes. Digitonin (0.02%) was used during the isolation procedures to permeabilize the synaptosomal plasma membrane (Rosenthal et al. 1987) . This method of obtaining fractions of synaptic and nonsynaptic mitochondria is based on the recovery of different sample layers from a Percoll gradient following centrifugation. Therefore, it is expected that tissue constituents other than mitochondria could be present at higher levels in one layer compared to another. For this reason, we chose to use an endogenous mitochondrial marker (i.e., the activity of citrate synthase) to normalize measured variables and allow for comparisons between synaptic and nonsynaptic mitochondrial fractions. Measurements of oxygen consumption and the redox state of NAD(P) in suspensions of intact mitochondria were performed with continuous magnetic stirring in 2 mL of mitochondrial standard reaction medium (130 mM KCl, 2 mM KH 2 PO 4 , 1 mM MgCl 2 , 200 lM ethyleneglycoltetraacetic acid (EGTA, cat. E4378, Merck), 0.05% BSA and 10 mM HEPES buffer, pH 7.2). All assays with isolated mitochondria, including the enzymatic activity measurements, were performed at 37°C.
Synaptosome isolation
Synaptosomes were isolated from fresh brains of female adult mice. The cerebellum was discarded and the forebrain was homogenized in isotonic sucrose solution (0.32 M sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4). The synaptosomes were then obtained using a Percoll gradient separation and a series of differential centrifugations as described previously by Dunkley et al. (2008) . Measurements with synaptosomes were performed under continuous magnetic stirring in 2 mL of synaptosomal reaction medium (3.5 mM KCl, 120 mM NaCl, 1.3 mM CaCl 2 , 0.4 mM KH 2 PO 4 , 1.2 mM Na 2 SO 4 , 2 mM MgSO 4 , 4 mg/mL BSA and 10 mM HEPES buffer, pH 7.4). All assays with synaptosomes were performed at 37°C.
Protein determination
The protein concentrations of mitochondrial and synaptosomal suspensions were determined using the Bradford Reagent (cat. B6916, Merck) method in the presence of 0.1% Triton X-100 (cat. 9100, Merck).
NNT activity
The NNT activity was measured spectrophotometrically by the reverse reaction catalyzed by NNT, as previously described by Ronchi et al. (2013) and elsewhere (Shimomura et al. 2009) , with minor modifications. The medium contained 50 mM Tris buffer (pH 8.0), 300 lg/mL lysolecithin, 0.5% Brij-35, 2 lM rotenone, 300 lM 3-acetylpyridine adenine dinucleotide and 200 lg/mL mitochondrial protein. The reaction was started with 300 lM NADPH after 5 min of preincubation, and the differential absorbance (375-425 nm) was monitored using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). Oxygen consumption measurements Mitochondrial respiration was measured using a high-resolution oxygraph (OROBOROS Oxygraph-2k, Innsbruck, Austria) calibrated according to the manufacturer's instructions. Mitochondrial suspensions (0.25 or 0.5 mg/mL) were incubated in standard reaction medium with 5 mM pyruvate and 2.5 mM malate or 2.5 mM malate and 5 mM glutamate as respiratory substrate. After measuring the basal O 2 consumption, the ADP-stimulated state (state 3) and nonphosphorylating respiration state (state 4 o ) were induced by the addition of 800 lM ADP and 1 lg/mL oligomycin, respectively.
NADP
Redox state of mitochondrial nicotinamide nucleotides (NAD(P))
The redox state of mitochondrial NAD(P) was monitored in a spectrofluorometer (Hitachi F-4500, Tokyo, Japan) by following the endogenous NAD(P)H fluorescence at 366 nm excitation and 450 nm emission as described by Ronchi et al. (2013) . The isolated mitochondria were suspended at 2 mg/mL in standard reaction medium with 2 mM ATP and 5 lM rotenone. After approximately 5 min of incubation, a 30 lM H 2 O 2 bolus was added to challenge the NADPH-dependent peroxide-metabolizing systems. After approximately 15 min, 5 mM b-hydroxybutyrate and 5 mM isocitrate were sequentially added to promote NAD + and NADP + reduction, respectively. The same protocol was carried out in the presence and absence of the ATP synthase inhibitor oligomycin.
NAD(P)(H) quantification
Isolated mitochondria were incubated at 2 mg/mL in standard reaction medium under the conditions described in the figure legend. The reactions were stopped with 0.2 N NaOH and 1% DTAB. NADP + and NADPH concentrations were measured separately by a NADP/NADPH-Glo assay kit (Promega, Madison, WI, USA) after pretreatment with acid or base solutions, according to the manufacturer's instructions. Total NADP and NAD amounts (reduced plus oxidized forms) were assayed by NADP/NADPH-Glo and NAD/ NADH-Glo kits (Promega) after incubating the mitochondria (0.25 mg/mL) in 0.5% DTAB solution in phosphate-buffered saline.
Hydrogen peroxide (H 2 O 2 ) release H 2 O 2 release by isolated brain mitochondria or synaptosomes was monitored by measuring the conversion of Amplex UltraRed (Thermo Fischer Scientific, Eugene, OR, USA) to fluorescent resorufin in the presence of HRP. Suspensions of mitochondria or synaptosomes (0.5 mg/mL) were incubated in their respective reaction medium containing respiratory substrates indicated in the figure legend, 10 lM Amplex UltraRed and 1 U/mL HRP. Fluorescence was monitored over time with a temperature-controlled spectrofluorometer (Hitachi F-4500, Tokyo, Japan) using excitation and emission wavelengths of 563 and 586 nm, respectively, and slit widths of 5 nm. The sequential additions of ADP, oligomycin, and rotenone in the same experiment allowed the evaluation of mitochondrial H 2 O 2 release under different respiratory states. Measurements with synaptosomes were conducted in the presence or absence of catalase (100 U/mL), and the data were calculated as catalase-sensitive H 2 O 2 release. For calibration, known amounts of H 2 O 2 were added to mitochondrial or synaptosomal reaction medium without samples.
.À production by isolated brain mitochondria was monitored by measuring the conversion of MitoSOX Red (Thermo Fischer Scientific) to fluorescent products (e.g., 2-hydroxyethidium). Suspensions of mitochondria (0.5 mg/mL) were incubated in mitochondrial standard reaction medium containing 5 mM pyruvate and 5 mM carnitine or 5 mM a-ketoglutarate as respiratory substrates in the presence or absence of 3 lM rotenone. Samples were analyzed just after mitochondria addition (T0) and after 20 min of incubation (T20), with the addition of 0.1% Triton X-100 prior to the fluorescence assessment. Fluorescence was measured with a spectrofluorometer (Hitachi F-7000, Tokyo, Japan) using excitation and emission wavelengths of 510 and 580 nm and slit widths of 10 nm and 20 nm, respectively. Data are expressed as the fluorescence difference between T20 and T0 (D Fluorescence).
Mitochondrial membrane potential (Δw) estimation
The mitochondrial Δw was fluorometrically monitored with 5 lM safranin O dye added to standard reaction medium as previously described (Figueira et al. 2012; Ronchi et al. 2016) . The relative safranin fluorescence (ÀΔF/F) was calculated; F is the safranin fluorescence determined after 1.5 lM carbonyl cyanide 3-chlorophenylhydrazone was added to the system to dissipate the inner mitochondrial membrane potential and ΔF is any given fluorescence value minus F.
Statistical analysis
The quantitative data were analyzed using Prism 7 software (GraphPad Software Inc.). H 2 O 2 release rates by intact mitochondria were transformed to log 10 values before statistical analysis. The data are presented as representative traces or as the mean AE standard deviation (SD). The sample size of each experimental group corresponds to the number of experiments, each one performed with a different suspension of isolated mitochondria or synaptosomes obtained from different animals. Individual data points from some experiments are also shown as scatter dots within the bar graphs. Once the assumptions of normality and homoscedasticity were validated, respectively, by Kolmogorov-Smirnov normality test and F test to compare variances, the data were evaluated by parametric statistics. Student's t-test was used when a single parameter was compared between two different groups. One-way ANOVA with the post hoc Bonferroni correction was employed when multiple comparisons were performed, with the exception of the data shown in Fig. 2a and 7, which were tested with two-way ANOVA. We considered a minimal significance level (a) of 0.05. Sample sizes were not predetermined by calculation and outlier removal was not performed. No blinding was performed during data acquisition.
Results
Activity of NNT and concurrent enzymes reducing NADP in mouse brain mitochondria Early evaluations by reverse transcription-PCR indicated that NNT is expressed in the brain and is ubiquitously present in diverse cell types and organs (Arkblad et al. 2002) . Conversely, Nickel et al. (2015) did not detect NNT protein in the brains of C57BL/6N mice (this strain carries wild-type Nnt), and its activity was minimally detected in this tissue. In the present study, a trustful NNT activity was detected by a standard spectrophotometric enzymatic assay in isolated mouse brain mitochondria from Nnt +/+ mice ( Fig. 1a and b ). As expected, brain mitochondria from the Nnt À/À mice were devoid of NNT activity. Next, we quantified the activity of relevant concurrent NADPH sources in mouse brain mitochondria, i.e., the specific activities of the following enzymes: IDH2, MEs, and GDH. The total activity of NADPH sources was determined as the sum of these enzymatic activities plus NNT. Compared with age-matched Nnt +/+ mice, the total activity of NADPH sources was lower in brain mitochondria from 4-month-old (young) Nnt À/À mice (Fig. 1b) Considering each mitochondrial NADPH source individually (Fig. 1b) , the NNT activity in brain mitochondria represented 26% of the total activity of NADPH sources in young Nnt +/+ mice. This value is close to that (i.e., 36%) found in mouse liver by Ronchi et al. (2016) , although the specific activity of NNT in brain mitochondria is approximately one-fifth of that detected in liver mitochondria. The activities of IDH2, MEs, and GDH represented 36, 29, and 8% of NADPH source activity in brain mitochondria from young mice, respectively, while these values were approximately 39, 11, and 13% in liver mitochondria (Ronchi et al. 2016) . These data indicate that NNT, IDH2, and MEs are the major sources of NADPH regeneration in brain mitochondria. Citrate synthase activity, used as a marker for mitochondrial mass (Figueiredo et al. 2008; Larsen et al. 2012) in the fraction of isolated mitochondria from the brain, was similar between mouse genotypes and age ( Fig. 1c  and e) .
Next, NNT activity was evaluated in fractions enriched with synaptic and nonsynaptic brain mitochondria. Nonsynaptic mitochondria exhibited approximately 2.5 times more NNT activity than synaptic mitochondria (Fig. 2a) nonsynaptic fraction contained a higher mitochondrial mass, as evidenced by its higher citrate synthase activity (Fig. 2b ) and respiratory activity (Fig. 2c) . When compared across mice genotypes (Nnt +/+ vs. Nnt
), the total quantity of citrate synthase activity within synaptic and nonsynaptic mitochondrial fractions were similar (results not shown). Nonetheless, even after normalizing NNT activity by citrate synthase activity (Fig. 2d) or ADP-stimulated respiratory rate (not shown), a significantly higher relative NNT activity in nonsynaptic mitochondria remained.
The respiratory function of brain mitochondria from Nnt
and Nnt À/À mice was evaluated ( (Fig. 3a) . Notably, in mouse brain mitochondria, the amount of NADP was only 5% of the total content of NAD(P) (Fig. 3a) , while a previous study by Ronchi et al. (2013) found that NADP contributes 40% to the total content of NAD(P) in mouse liver mitochondria. H 2 O 2 removal was assessed by monitoring endogenous NAD(P) autofluorescence in intact mitochondria. Because of the low amount of NADP relative to NAD, a protocol was employed in the absence of exogenous respiratory substrates to easily demonstrate redox alterations in NAD(P) following H 2 O 2 addition to the system. To this end, intact brain mitochondria were energized by ATP (i.e., the mitochondrial inner membrane potential was built by the reversal of ATP synthase) in the presence of the respiratory chain inhibitor rotenone. The membrane potential generated by ATP hydrolysis was similar between Nnt +/+ and Nnt À/À mitochondria and was sustained for the duration of the entire experiment (Fig. 3e) . However, the ATP-generated membrane potential was lower than that obtained by the oxidation of the respiratory substrate succinate (Fig. 3f) . Figure 3b shows that after a 30 lM bolus addition of H 2 O 2 to brain mitochondria, fast NAD(P)H oxidation occurs. The larger drop in NAD(P) fluorescence in Nnt +/+ brain mitochondria after H 2 O 2 addition is likely due to NADH oxidation that occurs via the forward activity of NNT and does not necessarily mean a larger extent of NADPH oxidation. The time to partially recover the reduced state of NAD(P) was considered the time required for the metabolism of exogenous H 2 O 2 , as indicated in the inset shown in Fig .  3b . As experimental controls, the addition of catalase during the metabolism of exogenous H 2 O 2 resulted in a fast recovery of NAD(P) fluorescence (Fig. S1) , while the addition of catalase after the spontaneous re-reduction of NAD(P) did not cause changes in fluorescence, indicating that the metabolism of exogenous H 2 O 2 had been completed. In Nnt À/À brain mitochondria, the metabolism of H 2 O 2 took longer (9.6 AE 1.9 min) than that observed for Nnt +/+ (4.0 AE 0.8 min) (Fig. 3b) . Based on these data, the rate of H 2 O 2 metabolism was estimated for Nnt +/+ and Nnt mitochondria, which evidenced significantly lower detoxification rates of exogenous H 2 O 2 in Nnt À/À brain mitochondria (Fig. 3c) . Near the end of the experiments depicted in Fig. 3b , bhydroxybutyrate and isocitrate were added as experimental controls. b-hydroxybutyrate promotes NAD + reduction via its mass action conversion to acetoacetate by 3-hydroxybutyrate dehydrogenase. Indeed, it caused NAD + reduction in both Nnt +/+ and Nnt À/À mitochondria, but the reduction was more pronounced in Nnt +/+ mitochondria, probably due to a previous transhydrogenation between NADH and NADP + during H 2 O 2 removal causing more NADH oxidation only in mitochondria from Nnt +/+ mice. Then, isocitrate was added to reduce all the remaining NAD(P) + by favoring the flux through IDH. Isocitrate addition caused a further NAD(P) + reduction only in Nnt À/À mitochondria, indicating that a fraction of NADP remained oxidized. The lack of isocitrate effect on Nnt +/+ mitochondria may be either as a result of their higher capacity to metabolize H 2 O 2 and fully recover the reduced state of NADP or NADP + reduction by NNT activity using the NADH generated from b-hydroxybutyrate oxidation.
As experimental controls, estimates of H 2 O 2 metabolism were carried out in the presence of oligomycin. Under such conditions, ATP synthase inhibition precludes the generation of the membrane potential, and thus, the energy-linked NNT reaction is disfavored. As expected, H 2 O 2 metabolism was diminished in Nnt +/+ mitochondria, while it remained statistically unchanged in Nnt À/À samples (Fig. 3c) . The higher H 2 O 2 metabolism of Nnt +/+ mitochondria than of Nnt À/À mitochondria in the presence of oligomycin can be potentially explained by the availability of endogenous respiratory substrates, which can provide a continuously small amount of NADH with consequent NADPH regeneration through NNT despite the collapsed membrane potential (Ronchi et al. 2016) . Because NAD(P)H autofluorescence protocols cannot discriminate between NADPH and NADH, the NADPH/ NADP + ratio was enzymatically assayed (Fig. 3d) . The measurements of NADPH/NADP + ratios were performed in samples obtained just before (T0) and 5 min after H 2 O 2 addition (T5), as indicated in Fig. 3a 
Nnt deficiency favors higher mitochondrial H 2 O 2 release
Because NNT links mitochondrial respiration and antioxidant activity, the absence of NNT activity in the brain might result in increased H 2 O 2 levels and oxidative stress in this tissue under diverse metabolic conditions. Aiming to evaluate under which metabolic conditions oxidative stress can arise, H 2 O 2 release was assayed in isolated mitochondria and synaptosomes as different substrates were offered.
In isolated mitochondria, H 2 O 2 release was assessed over time under basal conditions with different respiratory substrates and after the sequential addition of ADP, oligomycin and rotenone to induce ADP-stimulated respiration (state 3), nonphosphorylating respiration (state 4 o ), and inhibition of respiratory complex I (NADH:ubiquinone oxidoreductase; EC 1.6.5.3) (Fig. 4a ). Substrates were varied to alter the participation of concurrent sources of NADPH, and rotenone was used to enhance endogenous formation of H 2 O 2 so the antioxidant systems could be challenged. Under basal respiration, i.e., before the addition of ADP, a higher H 2 O 2 release by Nnt À/À mitochondria was observed in the presence of the respiratory substrates a-ketoglutarate and succinate (Fig. 4d, g  and h ). The addition of ADP resulted in significant decreases in H 2 O 2 release, and under this respiratory condition, no difference between Nnt +/+ and Nnt À/À mitochondria was observed regardless of the fed respiratory substrates. Thereafter, the addition of oligomycin stimulated H 2 O 2 release to The suspensions of brain mitochondria from Nnt +/+ and Nnt À/À mice were incubated at 37°C in reaction medium supplemented with 2.5 mM malate plus 5 mM pyruvate or 2.5 mM malate plus 5 mM glutamate as substrates. Oxygen consumption was measured in a high-resolution oxygraph in ADP-stimulated and nonphosphorylating respiratory states induced by the addition of 800 lM ADP and 1 lg/mL oligomycin, respectively. Respiratory control represents the ratio between ADP-stimulated and nonphosphorilating respiratory states. Data are the mean AE SD from a sample size of 5 for each group.
values that were higher in Nnt À/À than in Nnt +/+ mitochondria when the respiratory substrates were pyruvate plus carnitine, a-ketoglutarate or succinate with rotenone (Fig. 4b, d and h ). The rotenone addition increased H 2 O 2 release rates in most of the conditions, widening the difference between Nnt +/+ and Nnt À/À mitochondria in the presence of the respiratory substrates pyruvate plus carnitine, glutamate, and a-ketoglutarate ( Fig. 4b-d ). An exception occurred in the presence of succinate, when rotenone addition lowered H 2 O 2 release (Fig. 4g ) by inhibiting electron backflow from succinate dehydrogenase (EC 1.3.5.1) to respiratory complex I (Liu et al. 2002) . No difference in mitochondrial H 2 O 2 release was observed with the substrates malate plus pyruvate (Fig. 4e) and malate plus glutamate (Fig. 4f) , evidencing that the lack of NNT function in brain mitochondria can be partially counterbalanced by concurrent NADPH sources depending on substrate availability.
The primarily reactive oxygen species generated by most mitochondrial sites is the superoxide anion radical (O 2 .À ) (Wong et al. 2017 (Fig. 5 ). The addition of rotenone increased O 2 .À production under both conditions, as expected because of complex I inhibition (Wong et al. 2017 ), but no difference in O 2 .À production was detected between Nnt +/+ and Nnt À/À brain mitochondria in the absence or presence of rotenone. Next, H 2 O 2 release was assayed in synaptosomes, which are isolated presynaptic nerve terminals. Synaptosomes are interesting models because they possess mitochondria and cytosolic enzymes necessary for glycolysis and thus the ability to use glucose and lactate to support respiration (Hohnholt et al. 2017) . In this sense, synaptosomes allow the evaluation of mitochondrial functions under conditions better resembling the physiological environment. No difference in H 2 O 2 release was detected when glucose was the only exogenous substrate in Nnt +/+ and Nnt À/À synaptosomes, even after complex I inhibition (Fig. 6a) . Interestingly, complex I inhibition increased H 2 O 2 release when pyruvate or lactate were present as substrates, and under these conditions, a higher H 2 O 2 release was observed in Nnt À/À synaptosomes ( Fig. 6b-d) . Notably, lactate and pyruvate are relevant respiratory substrates for intact synaptossomes (Choi et al. 2009; Hohnholt et al. 2017 ). In addition, carnitine was employed to increase pyruvate oxidation into acetyl-CoA through pyruvate dehydrogenase (PDH, EC 1.2.4.1). Carnitine promotes the removal of acetyl groups from the mitochondrial matrix, thus, avoiding the inhibition of PDH by acetyl-CoA and freeing CoA for the PDH reaction (Quinlan et al. 2013 (Quinlan et al. , 2014 Fisher-Wellman et al. 2015) . This increased electron flux through PDH also increases the NADH/NAD + ratio, causing depletion of NAD + as an electron acceptor, which increases reactive oxygen species (ROS) generation by electron leakage in the highly reduced flavin of PDH (Quinlan et al. 2013; Fisher-Wellman et al. 2015) .
NNT is relevant to redox balance in HFD-fed mice We recently described that Nnt À/À mice chronically fed a HFD displayed liver mitochondrial redox imbalance and aggravation of nonalcoholic fatty liver disease from simple steatosis to nonalcoholic steatohepatitis (Navarro et al. 2017) . In view of this, it seems reasonable that the physiological stress caused by the ingestion of HFD could cause more oxidative stress in the central nervous system of mice without functional NNT than in mice with the functional protein. To address this issue, isolated mitochondria from the forebrain and the cerebellum of Nnt +/+ and Nnt À/À mice fed a HFD were analyzed separately, as previous data indicated that the cerebellum may be more susceptible to HFD-induced inflammation (Guillemot-Legris et al. 2016), and redox imbalance could follow the same anatomical pattern. A graphical timeline of the experimental procedure is provided in Fig. 7g . Lower aconitase activity was observed in forebrain mitochondria from Nnt À/À mice fed both chow and HFD (Fig. 7a) ; decreased aconitase activity in cerebellar mitochondria from Nnt À/À mice was only observed after HFD (Fig. 7d) . Because citrate synthase activity was also significantly lower in the forebrain of Nnt À/À mice on chow diet (Fig. 7c) , its activity was employed as a normalizer for the mitochondrial mass (Figueiredo et al. 2008; Larsen et al. 2012) . After normalization by citrate synthase activity, significant aconitase inhibition was only observed in the forebrain (p = 0.012) and the cerebellum (p = 0.024) of Nnt À/À mice fed a HFD (results not shown). These results suggest that NNT is required to maintain redox balance in both the forebrain and the cerebellum in the presence of metabolic challenge from a HFD. We additionally show that NNT activity in the forebrain and the cerebellum was not changed by diet ( Fig. 7b and e) .
Discussion
Studies have supported the notion that brain NNT is associated with neuronal protection against oxidative stress and degeneration (Ghosh et al. 2014; Lopert and Patel 2014) .
Here, we used mice devoid of NNT activity and appropriate controls to explore the roles of NNT in mitochondrial redox balance under different experimental conditions. In accordance with the presumed activity of NNT in this tissue (Arkblad et al. 2002) , we clearly detected NNT activity in mouse brain mitochondria (Fig. 1) . Likely because of methodological issues, a recent study that evaluated wildtype and Nnt-mutated mice detected minimal NNT activity in the brains of wild-type mice (Nickel et al. 2015) . These authors focused on detecting NNT activity in the heart, an organ in which NNT expression is at least one order of magnitude higher than in most tissues (Arkblad et al. 2002; Ripoll et al. 2012; Nickel et al. 2015) . Thus, probing NNT activity via the conventional spectrophotometric assay used here and by others (Rydstr€ om 1979; Shimomura et al. 2009; Nickel et al. 2015) appears to require experimental conditions that may be organ-specific (e.g., signal amplification, different sample concentration in the assay). By analyzing a separated subpopulation of brain mitochondria, we found higher NNT activity in nonsynaptic mitochondria in comparison with synaptic mitochondria (Fig. 2) . Interestingly, this difference in NNT activity remained when the data were normalized for the higher mitochondrial content in the isolated fraction of nonsynaptic mitochondria, as evidenced by greater citrate synthase activity (Fig. 2b) . The nonsynaptic mitochondria originate mostly from neuronal cell bodies and glial cells. Therefore, these mitochondria are located near the cell nucleus, and their specialization may favor the defense against oxidative stress. Knowing that NNT supports NADPH supply and H 2 O 2 detoxification, such adaptation may be important because mitochondria can behave as net sources of ROS (Turrens 2003; Drechsel and Patel 2010; Starkov et al. 2014 ) that could otherwise cause DNA damage (Leonard et al. 2004 ) if their detoxification is hampered. In addition, a higher NADP + reduction capacity in the region of the cell nucleus may be associated with the requirement for biomass synthesis (Lunt and Vander Heiden 2011) .
Uneven NNT activity between synaptic and nonsynaptic mitochondria allows speculation about previous reports in the literature. The higher NNT activity in nonsynaptic mitochondria could be related to the higher resistance of these mitochondria to age-related oxidative damage than synaptic mitochondria (Lores-Arnaiz and Bustamante 2011). Additionally, synaptic mitochondria are more susceptible to dysfunctions, such as vulnerability to Ca 2+ overload (Brown et al. 2006) , increased oxidative damage and b-amyloid peptide accumulation in models of neurodegenerative diseases (Du et al. 2010 (Du et al. , 2012 .
Despite the life-long lack of NNT activity in Nnt À/À mice, no compensatory increase in relevant mitochondrial NADPH sources was found in the brain mitochondria of adult mice aged 3-4 months. Nonetheless, older Nnt À/À mice exhibited a partial compensatory increase in the sum of mitochondrial NADPH sources (GDH, MEs plus IDH2) (Fig. 1) . In this manner, age-related changes in metabolic stress may trigger compensatory upregulation of NNT concurrent sources of NADPH. By monitoring NAD(P) autofluorescence changes under specific conditions, we detected important differences between Nnt +/+ and Nnt À/À brain mitochondria regarding the ability to sustain NADPH in its reduced state (Fig. 3 ) and, as a functional consequence, H 2 O 2 release (Figs 4-6) .
Compared with protocols that we used previously with liver mitochondria (Ronchi et al. 2013 (Ronchi et al. , 2016 , the evaluation of NAD(P) redox changes via its autofluorescence in brain mitochondria appeared quite challenging and required specific experimental conditions that were designed following complementary analysis of NAD(P) contents (Fig. 3) . In line with our hypothesis to explain the experimental difficulties, the content of NADP in brain mitochondria was only approximately one-twentieth of the content of NAD (Fig. 3a) , irrespective of the Nnt genotype. The relatively higher NADP content in liver mitochondria (Klingenberg and Pette 1962; Ronchi et al. 2013 ) may be an organ specificity required to sustain NADPH-dependent biochemical processes occurring in liver such as lipid biosynthesis and xenobiotic metabolism/detoxification. Certainly, these low NADP levels in association with substrate flux through concurrent mitochondrial NADPH sources appeared to hamper the detection of NADP autofluorescence changes when brain mitochondria were challenged with exogenous peroxide. In light of these reasons, we found that a suitable experimental condition to test the NNT contribution to NADPH supply in intact mitochondria was one in which the mitochondrial membrane potential was generated by hydrolysis of exogenous ATP, and rotenone was present to block NADH oxidation and restrict carbon flux though mitochondrial NAD(P)-linked dehydrogenases. Under these conditions, the H 2 O 2 metabolism rates were 3.8 and 1.6 nmol/min/ mg for Nnt +/+ and Nnt À/À brain mitochondria, respectively.
Thus, the estimated NNT contribution for H 2 O 2 metabolism was 58%, which is quite similar to the NNT relative contribution to tert-butyl hydroperoxide detoxification in liver mitochondria when respiration is inhibited by antimycin (Ronchi et al. 2016 ). Increased rates of mitochondrial H 2 O 2 release were observed when substrate flux in the Krebs cycle was restricted by using specific exogenous substrates or after inhibition of complex I by rotenone (Fig. 4) . Hence, the function of concurrent NADPH sources in brain mitochondria when the substrates favor the activity of IDH2 and MEs seems to explain the capacity of Nnt À/À mitochondria to maintain H 2 O 2 release at rates similar to those of Nnt +/+ under a variety of studied conditions. Because H 2 O 2 is mostly derived from the dismutation of primarily generated O 2 .À and the employed assay measured net release of H 2 O 2 from mitochondria, which represents a balance between its formation and detoxification, the readily generated O 2 .À by mitochondria was also probed. These results indicated that Nnt À/À mitochondria did not produce more ROS (Fig. 5) .
Therefore, instead, brain mitochondria devoid of NNT activity exhibit a low H 2 O 2 removal ability because of impaired NADPH availability to the glutathione reductase/ peroxidase and thioredoxin reductase/peroxiredoxin systems under the selected metabolic conditions. Considering H 2 O 2 release from brain mitochondria or synaptosomes, the inhibition of respiratory complex I by rotenone triggered differences between Nnt +/+ and Nnt À/À . By blocking electron flux from Fe-S centers to ubiquinone in complex I, rotenone induced the generation of a huge amount of ROS by electron leakage, increasing the NADPH requirement for detoxification systems (Darrouzet et al. 1998; Okun et al. 1999; Wang et al. 2015) . Importantly, the inhibition of respiratory complex I has pathophysiological importance, as defects in respiratory complex I have been observed in idiopathic Parkinson's disease (Schapira et al. 1989 (Schapira et al. , 1990 . Therefore, complex I defects together with NNT dysfunction may be an important mechanism aggravating neurodegenerative processes, which emphasizes the need to choose experimental mice models that carry functional NNT and to follow up Nnt-mutated humans over the long term.
In synaptosomes, a higher H 2 O 2 release in Nnt À/À was observed after rotenone addition, using lactate or pyruvate as metabolic substrates. The lactate/pyruvate redox pair may serve as a primary respiratory substrate for neurons because astrocytes may provide lactate as an energy substrate for neurons (Pellerin and Magistretti 2012; Kane 2014; Stincone et al. 2015) . Accordingly, an enhancement in the synaptosomal oxygen consumption rate is reported after pyruvate or lactate supplementation (Choi et al. 2009 ). In this sense, the higher H 2 O 2 release observed in the presence of either pyruvate or lactate may be explained by increased mitochondrial respiratory function. In addition, under these conditions, the presence of carnitine may exacerbate H 2 O 2 release by promoting acetyl-CoA scavenging and higher pyruvate oxidation, giving rise to oxygen-derived oxidants (Fisher-Wellman et al. 2015) .
To evaluate whether the absence of NNT could be related to brain mitochondria redox balance in an in vivo setting, Nnt +/+ and Nnt À/À mice were fed a HFD. HFDs are known to induce metabolic derangements that are accompanied by systemic inflammation, oxidative imbalance (Furukawa et al. 2004; Studzinski et al. 2009 ), cognitive decline, and behavioral alterations (Tucsek et al. 2014; Cordner and Tamashiro 2015) . Some of these alterations can be prevented by antioxidant administration (Alzoubi et al. 2013 (Alzoubi et al. , 2018 Chang et al. 2014; Liu et al. 2014; Hajiluian et al. 2017) . Interestingly, previous data indicating that HFD-induced behavioral changes and hippocampal dysfunction as a consequence of increased oxidative stress were obtained in the NNT-deficient C57Bl/6J mice (Arnold et al. 2014; Krishna et al. 2015) . Indeed, in the current study, aconitase inhibition in both the forebrain and the cerebellum was observed in Nnt À/À mice fed a HFD (Fig. 7) . Aconitase is a redox-sensible enzyme whose activity is reversibly decreased by oxidants (Mackensen et al. 2001; Scandroglio et al. 2014) . The HFDinduced aconitase inhibition in the Nnt À/À mouse brain suggests that NNT contributes to protection against dietinduced oxidative stress. These findings also raise concerns about previous results relating oxidative stress and HFD in C57BL/6J mouse brains; thus, findings that were attributed only to HFD effects might actually be due to the interaction between diet and NNT absence.
Altogether, the present findings show that NNT is relevant for redox balance in the brain. NNT absence in brain mitochondria generates a redox phenotype that is distinguished under conditions of restricted mitochondrial substrate flux or after inducing oxidative stress both in vitro and in vivo. The importance of NNT as an antioxidant enzyme in brain mitochondria especially comes into play when the antioxidant system is further required to mitigate redox imbalance.
